Snowmelt runoff often comprises the majority of annual runoff in the Canadian Prairies and a significant proportion of total nutrient loss from agricultural land to surface water. Our objective was to determine the effect of agroecosystem management on snowmelt runoff and nutrient losses from a long-term field experiment at Swift Current, SK. Runoff quantity, nutrient concentrations, and loads were estimated after a change in management from conventionally tilled wheat (Triticum aestivum L.)-fallow (Conv W-F) to no-till wheat-fallow and subsequently no-till wheat-pulse (NT W-F/LP) and to an organic system with a wheat-green manure rotation (Org W-GM). The conversion from conventional tillage practices to no-till increased snowmelt runoff likely due to snow trapping by standing stubble after summer fallow. Relatedly, runoff after no-till summer fallow had higher dissolved P losses (0.07 kg P ha −1 ). Replacing summer fallow with a pulse crop in the no-till rotation decreased snowmelt runoff losses and nutrient concentrations. The Org W-GM treatment had the lowest P loss after stubble (0.02 kg P ha ); however, the nutrient concentrations we observed, in particular for P, even without P fertilizer addition for organic production, question the practicality of agricultural management systems in this region meeting water quality guidelines.
Abstract
Snowmelt runoff often comprises the majority of annual runoff in the Canadian Prairies and a significant proportion of total nutrient loss from agricultural land to surface water. Our objective was to determine the effect of agroecosystem management on snowmelt runoff and nutrient losses from a long-term field experiment at Swift Current, SK. Runoff quantity, nutrient concentrations, and loads were estimated after a change in management from conventionally tilled wheat (Triticum aestivum L.)-fallow (Conv W-F) to no-till wheat-fallow and subsequently no-till wheat-pulse (NT W-F/LP) and to an organic system with a wheat-green manure rotation (Org W-GM). The conversion from conventional tillage practices to no-till increased snowmelt runoff likely due to snow trapping by standing stubble after summer fallow. Relatedly, runoff after no-till summer fallow had higher dissolved P losses (0.07 kg P ha −1 ). Replacing summer fallow with a pulse crop in the no-till rotation decreased snowmelt runoff losses and nutrient concentrations. The Org W-GM treatment had the lowest P loss after stubble (0.02 kg P ha −1 ) but had high dissolved P concentrations in snowmelt following the green manure (0.55 mg P L −1 ), suggesting a contribution from incorporated crop residues. In this semiarid climate with little runoff, dissolved reactive P and NO 3 -N loads in snowmelt runoff were smaller than those reported elsewhere on the prairies (averaging <0.05 kg P ha −1 yr −1
, and <0.2 kg NO 3 -N ha −1 yr −1 ); however, the nutrient concentrations we observed, in particular for P, even without P fertilizer addition for organic production, question the practicality of agricultural management systems in this region meeting water quality guidelines.
Nutrient Loss in Snowmelt Runoff: Results from a Long-term Study in a Dryland Cropping System Kimberley D. Schneider,* Brian G. McConkey, Arumugam Thiagarajan, Jane A. Elliott, and D. Keith Reid T he presence of elevated nutrient concentrations including P and N in surface waters are known to cause impairment of water quality due to eutrophication and can also make the water unfit for human or animal consumption (Sharpley et al., 1987; Carpenter et al., 1998 ; Canadian Council of Ministers of the Environment, 2012; USEPA, 2015; Health Canada, 2017) . Nutrients lost through cropland runoff have been implicated as a serious threat to water quality in many lakes on the Canadian Prairies (Hall et al., 1999; Ulrich et al., 2016 ). Water quality is also a concern for the ?100,000 excavated ponds (dugouts) that have been constructed on the Canadian Prairies to collect the snowmelt freshet, frequently from cropland, and that are an important and often sole source of drinking water on farms for livestock and humans (Cessna and Elliott, 2004; Waite et al., 2004) .
In cold, dry regions such as the northern Great Plains, and the Canadian Prairies in particular, hydrology is dominated by cold region processes. Winter normally lasts from late October to late March, and soils tend to stay frozen (from surface to depths typically >1 m) for most of this time (Coles et al., 2017) . In these regions, the majority of the annual agricultural runoff usually occurs during spring snowmelt (Glozier et al., 2006; Little et al., 2007; Casson et al., 2008; Tiessen et al., 2010) .
Despite their importance, little is known about nutrient loads and concentrations during snowmelt runoff , and data are especially lacking from long-term field studies. Although some drivers of snowmelt nutrient losses are unavoidable such as the amount of snowfall (Liu et al., 2013) , the effects of agricultural management practices (i.e., tillage and fertility management) are known to affect both snowmelt runoff water quantity and quality (Zuzel and Pikul, Jr., 1987; Elliott et al., 2001; Liu et al., 2014a Liu et al., , 2014b Schneider et al., 2018) and may be altered to reduce nutrient losses.
In the drier regions of the Canadian Prairies, the traditional (before ?1990) cropping system consisted of a wheat (Triticum aestivum L.) and summer fallow rotation with tillage used for weed control (Curtin et al., 2000) , but in recent years, fallow acreage has been decreasing; no-till seeding has increased and cropping systems have diversified to include oilseed and pulse crops. For example, in the province of Saskatchewan within the Canadian Prairies, fallow decreased dramatically from 29.8% of cropland in 1991 to just 3.4% in 2016, and no-till seeding has increased from 10.4% of crops in 1991 to 59.0% in 2016 (Statistics Canada, 2018a , 2018b , 2018c . Both no-till and pulse crops have become important because of the economic and potential soil health benefits (Gan et al., 2015; Nunes et al., 2018) , whereas no-till management has also been promoted to improve soil structure and generally increase water infiltration (Elliott and Efetha, 1999; Blanco-Canqui and Ruis, 2018) . However, most of these claims emanate from studies examining rainfall infiltration. In snowmelt-runoff-dominated cold regions where infiltration over the winter is limited due to frozen soils (Dunne, 1983; Granger et al., 1984; Pomeroy et al., 2007) , no-till systems may trap more snow with standing stubble and increase snowmelt runoff (Nicholaichuk and Gray, 1986; Elliott et al., 2001) , which could result in increased nutrient losses to adjacent surface waters.
Organically managed cropping systems have also increased steadily in Canada over the past two decades with Saskatchewan, reaching 0.43 M ha in 2016, representing 37% of total area under organic production within Canada (Canadian Organic Trade Association, 2018) . Under organic agricultural management, external inputs of soluble P fertilizer are prohibited, and accordingly, soil test P (STP) concentrations under this management regime can decrease over time (Entz et al., 2001; Løes and Øgaard, 2001 ). Since STP is a known driver of P loss in surface runoff (Sharpley et al., 2002; Vadas et al., 2005; Wang et al., 2010) , it can be hypothesized that organic management should lead to reduced P loading in snowmelt runoff. However, organic cropping systems in the prairies frequently include green manure fallows (Halde et al., 2014; Saskatchewan Ministry of Agriculture, 2018) , which are typically legume crops that are not harvested but incorporated into the soil in an effort to provide plant-available nutrients to the subsequent crop (Curtin et al., 2000) . Overwintering surface vegetation in cold climatic regions can contribute to nutrient loss in snowmelt runoff (Elliott, 2013; Liu et al., 2014b) . There is a lack of information assessing runoff water quality under different wheat management systems in the prairies, and specifically those that take a holistic approach examining contributions from different phases of the rotation such as post-wheat stubble, post-fallow, post-green manure, and post-pulse crop.
The objective of this study was to assess the effect of cropping system management on runoff water quantity and quality through analysis of long-term trends in water yield, nutrient losses, and nutrient concentrations during snowmelt runoff in a wheat cropping system in southwestern Saskatchewan. Specifically, a conventionally tilled (cultivated) wheat-fallow rotation (Conv W-F) was compared with a no-till wheat-allow/ pulse management system (NT W-F/LP), and an organically managed wheat-green manure (Org W-GM).
Materials and Methods

Study Site and Watershed Management
The study site consisted of three rectangular adjacent instrumented watersheds situated in a north-south orientation on the Agriculture and Agri-Food Canada Research and Development Centre near Swift Current, SK (50.26° N 107.72° W) and has been previously described by Cessna et al. (2013) and Coles et al. (2017) . The plots are named Plot 1, Plot 2, and Plot 3; these names are consistent with the numbering of Hillslopes 1, 2, and 3 in Coles et al. (2017) . Briefly, the soil was a Swinton loam (Ayres et al., 1985) , classified as an Orthic Brown Chernozem (Aridic Haploboroll). The watersheds were inclined to gently undulating, with general northward facing slope from north to south of 1 to 4% that generally increases moving downslope; average slopes were 1.8, 1.7, and 1.4% for Plots 1, 2, and 3, respectively. Regularly maintained grass berms prevented external runoff water from entering any plot and confined outflow to one outlet per plot.
Plot 3 (4.86 ha) remained continually in conventionally tilled spring W-F (Conv W-F) with the exception of an abnormal fallow after fallow in 1986 to bring all three plots into the same rotation phase from 1987 to 1992 (Table 1) . Prior to 1987, the other two plots had more varied management including 4 yr of grass hay and 4 yr of continuous wheat within an otherwise wheat-fallow rotation (Table 1) .
Plot 2 (4.66 ha) was converted to no-till in 1993 for wheatfallow until 2003 and wheat-lentil /pea afterward, alternating pulses from lentil (Lens culinaris Medik.) to field pea (Pisum sativum L.) (NT W-F/LP). Plot 1 (4.25 ha) was converted to organic management with a wheat-green manure rotation (Org W-GM) in 1993. In the green manure year, after one cultivation, the plot was seeded with a no-till seed drill to rhizobiuminoculated chickling vetch (Lathyrus sativus L.) in late April. The chickling vetch was killed and incorporated by discing in midJuly to avoid water deficits for the wheat crop the following year . After incorporation, subsequent weed control was accomplished by two to three operations of discing or cultivation. Fertilizer N and P application rates were based on provincial recommendations (Saskatchewan Agriculture, 1985; Saskatchewan Soil Testing Laboratory, 1990) ; however, Plot 2 and Plot 3 each received a historical one-time surface unincorporated application of 23.5 kg P ha −1 and 50 kg N ha −1 in 1971 and 1970 for research purposes (Nicholaichuk and Read, 1978) .
The crop rotation history of the plots is shown in Table 1 with further details on tillage, seeding, fertility, and weed control practices given in the supplemental material.
Soil Sampling and Analysis
In the fall of each year, soil samples were collected to 1.2-m depth with a hydraulic probe (2.5-cm diam.) from a nine-point grid for each plot. Water content was determined gravimetrically and an air-dried and sieved (2 mm) subsample was analyzed for NO 3 -N and Olsen STP in 0.5 M NaHCO 3 coupled with colorimetric analysis using a Technicon Autoanalyzer (Olsen et al., 1954; Hamm et al., 1970) . Here, we report only the 0-to 15-cm depth, for which mass concentrations were converted to a volumetric or areal basis using a soil bulk density of 1.26 (mean of measured values taken periodically), as the soil surface nutrient concentrations are those that affect nutrient concentrations in surface runoff (Vadas et al., 2005; Reid et al., 2018; Schneider et al., 2018) .
Snow Water Equivalent
Snow water equivalent (SWE) was calculated from snow depth and density measured during periodic snow surveys taken at six random locations in the vicinity of each soil-sample grid point, as described by Coles et al. (2017) . The surveys were conducted about monthly from January to capture maximum snow depth, and the SWE used was that from the most recent survey before snowmelt.
Runoff Sample Collection
Throughout the 1971 to 2011 sampling period, all runoff from each plot flowed through a 0.6-m heated H-flume (Bos, 1976) at the plot outlet. A commonly used Stevens water level recorder (Belfort Instrument Company) continuously measured the height of water within the stilling well of each flume; the operation and zero height setting of the recorder was checked each time the paper recording chart was replaced. These heights were converted to flow rate using the standard rating curve (Bos, 1989) , and flow volumes were calculated from the integration of flow rate over time. Prior to 1993, on days with appreciable runoff, water samples were collected manually in 0.5-L glass containers at mid-morning (1000 h ± 30 min) and mid-afternoon (1500 h ± 30 min). From 1993 onward, 0.5-L samples were collected using an automated water sampler (ISCO 3700 Portable Sampler), previously described by Cessna et al. (2013) .
Runoff Sample Analysis
The collected water samples were filtered (No. 42, Whatman International filter papers) and then analyzed for dissolved NO 3 -N and dissolved reactive P (DRP) according to the analytical procedure of Hamm et al. (1970) and for NH 4 -N according the analytical procedure of (Gentry and Willis, 1988) . Dissolved organic C concentration was determined with a total organic C analyzer (Teledyne Instruments, 2003) . Suspended sediment was determined as the oven-dry weight of the solid remaining on the filter paper. The daily nutrient concentration for the plot was calculated as the arithmetic mean of all plot samples for that day. Loads were calculated from daily concentrations and runoff water volumes. On average and for most years throughout the period for which we compare water quality data (1995-2011), we had >92% water quality coverage for the total water yield collected; however, there were some data gaps. Gaps in the concentration data were filled using methods discussed by Aulenbach and Hooper (2006) that are described in detail in the supplemental material.
Statistical Analysis
The statistical software program SAS 9.3 (SAS Institute, 2011) was used for statistical analysis. The water quantity and quality response for each watershed is complex, and it is acknowledged that differences between watersheds that we attributed to land management will also be affected by inherent watershed differences. Because our study was long term, comparisons over differing runoff conditions over several years should reduce the influence of inherent differences that can be pronounced in a single year. Further, where possible, we reduced the influence of those inherent differences by comparing relative behavioral changes of a single watershed under the changed land management.
Snowmelt Runoff Volume as Affected by Management
Log transformation of the runoff data was deemed necessary after assessing the normality of the data and assessing the goodness of fit with a Shapiro-Wilk w test using PROC UNIVARIATE (Bowley, 2008) . To determine the effect of a change in agricultural management (from a conventional wheat-fallow rotation to a no-till wheat-fallow and subsequently wheat-lentil/pea rotation, and to an organic wheat-green manure rotation) on snowmelt water yield, we compared predicted runoff from the relationship established prior to the change in management with the observed runoff post-change in management, in accordance with the methodology of Gökbulak et al. (2016) and Yurtseven et al. (2017) . We established linear regression relationships for the log-transformed runoff volume from snowmelt episodes for Plot 1 and 2 against the control Plot 3, prior to the change in management in 1993. These regressions were done using PROC GLM for snowmelt after both wheat and summer fallow using only years having similar management on both plots between 1971 and 1992 (Supplemental Fig. S1 ). These regressions were used to predict the expected runoff for Plot 1 and Plot 2 after the change in management. Finally, a simple t test with PROC TTEST was used to compare the predicted and the observed runoff values. Although annual data are more commonly used in paired watershed studies (Brown et al., 2005) , we grouped our data by individual snowmelt runoff episodes within each year to provide greater resolution during the runoff season. An episode was defined as the time period between start and end of a runoff flow event, where the starting point is time when any of the plots began to flow, and the end point is when no flow was observed for at least 14 d in any of the plots.
Water Quality Analysis after Change in Management
Due to sparse water quality data prior to 1993, these data could not be compared in the same way as the water quantity data. For this analysis, data collected from 1995 onward (considering 1993 and 1994 as transition years) were compared, and differences due to management were estimated using the PROC MIXED procedure in SAS using management as the single treatment effect and year as a random effect. If necessary, transformation of the data (log or inverse) was performed to ensure validity of the statistical analysis (i.e., that the residuals were normally and homogenously distributed). Due to the high variability associated with data collected from watershed studies, a Type I error rate of P = 0.10 was used for all statistical analyses (Hansen et al., 2000; Tiessen et al., 2010) .
Results and Discussion
Nutrient Concentrations in Soil
Trends of soil nutrient concentrations in terms of Olsen STP and soil NO 3 -N concentrations in the top 15 cm measured annually in the fall show that despite interannual variability, STP and soil NO 3 -N concentrations did not change significantly (P > 0.5) over time for Plot 3, which remained in conventional wheat-fallow rotation (Fig. 1) . This trend is also seen for Plot 2 prior to 1993. The STP of Plot 1 increased with time from 1970 until 1992 (P < 0.01); this plot did not receive the one-time fertilizer application of 23.5 kg P ha −1 around 1970 that Plots 2 and 3 did (Nicholaichuk and Read, 1978) , which explains the lower STP starting point and gradual increase with time. After the change in management to no-till, the STP concentrations of Plot 2 were found to increase with time. Conversely, the STP concentrations decreased for Plot 1 after the conversion to organic management (R 2 = 0.58, P < 0.001) (Fig. 1 ), in accordance with the cessation of fertilizer use in the organic plot after 1993.
Soil NO 3 -N concentrations tended to be more variable for individual plots than STP concentrations, with many spikes in concentrations related to the use of fallow, green manure, or coming out of grass hay. This can be explained by expected increased N mineralization and NO 3 -N accumulation under these conditions (Campbell et al., 1994; Curtin et al., 2000) .
Watershed Hydrology
The observed runoff volumes for Plot 2 (NT W-F/LP) were greater than what was expected based on historical behavior of the plot for both post-wheat (P = 0.06) and post-fallow (P = 0.04) phases of the rotation (Table 2) , indicating an increase in the quantity of snowmelt runoff with the introduction of no-till. When the no-till wheat-fallow rotation was switched to include a pulse crop, the actual runoff was still greater than predicted, but the difference was no longer significant (P = 0.21). Relatedly, the NT W-F/LP system of Plot 2 was consistently found to have greater snowmelt runoff volumes (log-transformed) the time period after the change in management (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (Table 3) . The SWE was also greater in NT W-F/LP overall and in the post-fallow part of the rotation, where the SWE was a mean of 54 mm for the no-till fallow vs. 14 mm for the conventional fallow (Table 3) . Thus, the increase in snowmelt runoff seen with the conversion to no-till may be predominantly explained by an increase in SWE, especially after the no-till fallow part of the rotation. The presence of standing crop stubble in the no-till fallow would trap more snow and protect it from moving due to wind during the winter, unlike the conventional fallow (Benoit et al., 1986; Nicholaichuk and Gray, 1986; Hansen et al., 2000; Elliott et al., 2001) . The introduction of the pulse crop appeared to reduce relative runoff as it was no longer significantly different from fallow in Plot 3 (Conv W-F). The pulse crop was cut near ground level, so there was no standing stubble to trap snow, and the SWE was not significantly different from the conventional fallow plot.
Runoff also increased after the wheat phase of Plot 2 (NT W-F/LP), although there was no significant difference in SWE or fall soil moisture content (data not shown). There are few comparisons of infiltration as affected by tillage. Saxton et al. (1993) did not find consistent or large differences in infiltration into frozen soils between no-till and either conventional or minimal tillage. In the present study, any difference in infiltration was not obviously reflected, as there was no difference in soil water in the spring a month after snowmelt between Plot 3 (Conv W-F) and Plot 2 (NT W-F/ LP) (data not shown). In Saskatchewan, no-till has been found to generally increase stored soil water in the spring compared with conventional tillage (Malhi and Lemke, 2007) , although the water conservation benefit is variable among years due to weather (McConkey et al., 1996) . The results from this study suggest that greater snowmelt infiltration is not the cause of any water conservation benefit of no-till that has been generally observed. A more thorough investigation on the effect of tillage on infiltration into frozen soil is needed to better understand its effect on the hydrological regime.
No difference between the observed and predicted runoff volumes were found for Plot 1 (Org W-GM) during either phase of the rotation ( Table 2 ), indicating that the change to organic management had no impact on runoff volume. Green manures and cover crops are promoted for increasing water-holding capacity and infiltration due to improvements in soil structure (Blanco-Canqui et al., 2015) ; however, this effect may be limited for frozen soils (Granger et al., 1984) .
For these same watersheds, Coles et al. (2017) found a general trend for snowfall, snowpack SWE, and snowmelt runoff to all decrease over time, with runoff as a proportion of SWE decreasing more rapidly than snowfall. Because our comparisons are across watersheds for the same years, these trends should not confound our findings. The watersheds are in a dry, windy environment that increases snowpack ablation due to sublimation and wind erosion, and dry soils can have significant infiltration. Therefore, our reported snowmelt runoff volumes are low, particularly in the post-1995 era due to abovementioned climatedriven trends, compared with other studies conducted in regions of the prairies with greater annual precipitation (Tiessen et al., 2010; Liu et al., 2013 Liu et al., , 2014a Liu et al., , 2014b .
Nutrient Losses in Snowmelt Runoff
Dissolved Reactive Phosphorus Concentrations and Loads
Mean annual DRP losses in snowmelt runoff were generally small across all fields with mean annual losses ranging from 0.02 to 0.04 kg P ha −1 (Table 3) . It should be noted that these means included years with zero losses when there was no runoff, but annual losses were always <0.2 kg P ha −1
. These values are at the low end of those reported by Liu et al. (2014b) and Tiessen et al. (2010) for snowmelt losses from annual cropland, which agrees with the observed low runoff volumes discussed above. The flow-weighted mean (±SD) DRP concentrations in snowmelt ranged from 0.20 ± 0.11 mg L −1 in Plot 2 (NT W-F/LP) to 0.39 ± 0.36 mg L −1 in Plot 1 (Org W-GM), which is consistent with concentrations reported by other authors measuring snowmelt runoff from cropland in the Canadian Prairies (Little et al., 2007; Tiessen et al., 2010; Cade-Menun et al., 2013; Liu et al., 2014b ) No significant differences in DRP losses were found among the management systems overall; however, DRP concentrations were greatest in runoff from Plot 1 (Org W-GM) (P = 0.099, Table 3 ). When the snowmelt runoff was compared for the post-wheat years, no significant differences were found for DRP concentrations, and Plot 1 (Org W-GM) was found to have the lowest DRP losses, which were significantly less than the losses for Plot 2 (NT W-F/LP) ( Table 3) . This is likely a result of the lower volume of snowmelt runoff water in the Plot 1 (Org Table 2 11.9 (3.8-37.5) * Significant at the 0.05 probability level. ** Significant at the 0.01 probability level. *** Significant at the 0.001 probability level. † Years with zero snowmelt runoff are included as true zeros for water yield and nutrient loads; however, years with zero flow are omitted when calculating mean annual concentrations. ‡ Statistical analysis was performed on log-transformed data; results presented are the back-transformation of mean and 95% confidence intervals. § Letters are used to indicate significant differences. Where necessary, the statistical analyses were performed on transformed data (log or inverse). As some of our data required back-transformation, we have chosen to express the uncertainty of the data by providing the upper and lower bounds for the 95% confidence interval, which are indicated in parentheses following the mean. Negative values occur occasionally for the lower bound of the 95% confidence interval and are an artifact of the estimated variability. They are included for completeness but are not meant to suggest that actual values less than zero are physically possible. ¶ Significant at the 0.10 probability level. # Statistical analysis was performed on inverse-transformed data. The untransformed data are presented for greater readability and consistency with other data in the column.
Journal of Environmental Quality 837 W-GM) (Table 3 ). Soil test P concentrations, which were lowest in Plot 1 (Org W-GM) (Fig. 1) , are known to be a driver of DRP loss in runoff and thus could also have contributed to lower P losses (Sharpley et al., 2002; Vadas et al., 2005) . The mean annual flow-weighted DRP concentrations (±SD) after the green manure of the Org W-GM treatment of Plot 1 were higher (0.55 ± 0.47 mg P L −1 ) than those of Plot 3 (Conv W-F) (0.32 ± 0.15) (P = 0.06). Despite the elimination of mineral fertilizer and subsequently lower STP concentrations (<10 mg P L −1 ) under organic management, we did not observe a reduction in DRP loss when green manure was included in the rotation (Table 3) . Since the snowmelt water yields of Plot 1 (Org W-GM) and Plot 3 (Conv W-F) were similar, the higher DRP concentrations observed in snowmelt runoff of the Org W-GM system are attributed to DRP being released from the green manure plant material. The green manure can act as a source of P to snowmelt runoff either through release from lightly incorporated residues (Timmons et al., 1970; Miller et al., 1994; Elliott, 2013) or from mineralization of organic P after incorporation. Curtin et al. (2000) conducted field experiments with green manure and Indianhead black lentil that, based on CO 2 fluxes, suggested that early-incorporated green manure, similar to our study, decomposed rapidly between incorporation and freezeup in the fall. Although the mechanism of green manure contribution of P to snowmelt runoff the following spring requires further study, our results support decomposing green manure as a nutrient source. To further explore this finding, we used regression analysis with a dummy variable for phase of rotation. This showed that the regression coefficients for the DRP concentrations of Plot 1 (Org W-GM) versus Plot 3 (Conv W-F) were different (P < 0.01) for the fallow phase than for the wheat phase (Supplemental Fig. S1 ). This indicates that the relationship between these two plots in terms of DRP concentrations changes during the fallow period, supporting that the green manure is the driving factor behind the high DRP concentrations.
During the fallow phase of the rotation, Plot 2 (NT W-F/ LP) had greater DRP losses than the Conv W-F control (P = 0.08), with mean annual losses being more than double those of the control Plot 3 (Table 3 ) due to the greater snowmelt runoff volumes in Plot 2 (NT W-F/LP) after the fallow phase of the rotation discussed above, or possibly from stratification of relatively available P at the soil surface (Eckert and Johnson, 1985; Selles et al., 1999; Duiker and Beagle, 2006) . When the pulse crop was included in the NT W-F/LP rotation in place of the fallow, the DRP losses were no longer different from those of the conventional fallow control. This may be because the difference in water yield between the treatments was less and Plot 3 (Conv W-F) had greater DRP concentrations in snowmelt runoff than the pulse crop in Plot 2 (NT W-F/LP) ( Table 3 ). The greater DRP concentrations observed post-fallow compared with postpulse crop may be due to uptake of P by the pulse crop. Although not significantly different from the control Plot 3 (Conv W-F), the actual snowmelt runoff volume was still greater after the notill pulse crop compared with the conventional fallow, so the difference in DRP concentrations between the two systems may also be at least partially a result of dilution effects. This follows the observed inverse relationship between DRP concentration in snowmelt runoff and water yield (Supplemental Fig. S4 ).
Dissolved Nitrogen Concentrations and Loads
Mean annual NO 3 -N losses in snowmelt runoff ranged from 0.12 kg ha −1 in Plot 3 (Conv W-F) to 0.18 kg ha −1 in Plot 1 (Org W-GM) ( Table 3 ). The mean annual flow-weighted NO 3 -N concentrations detected in this study ranged from 0.32 to 0.57 mg L −1 after wheat to 3.85 mg L −1 in the runoff after the green manure fallow. These concentrations and loads are in the range of values reported in the literature from other studies measuring NO 3 -N concentrations in snowmelt runoff in the northern Great Plains region . Higher concentrations and subsequently loads of NO 3 -N in runoff after fallow years were observed (Table 3) , likely due to increased N mineralization during summer fallow causing soil NO 3 -N to accumulate (Campbell et al., 1994) and subsequently move with snowmelt runoff . A significant relationship was found between NO 3 -N concentrations in snowmelt with those of the surface soil (Supplemental Fig. S3) .
Overall, flow-weighted mean NO 3 -N concentrations were highest in Plot 1 (Org W-GM) and were 2.2 mg L −1 , which was 1.8 and 2.7 times greater than the concentrations of Plot 3 (Conv W-F) and Plot 2 (NT W-F/LP) respectively (Table 3) . Plot 1 (Org W-GM) was found to have significantly higher NO 3 -N concentrations than Plot 3 (Conv W-F) when comparing the runoff postgreen manure and post-fallow (Table 3) . As discussed previously, a green manure crop incorporated early in the growing season can lead to greater mineralization rates (Zentner et al., 2006) , which would result in greater NO 3 -N concentrations in the soil and in snowmelt runoff (Nicholaichuk and Read, 1978; Schneider et al., 2018) . The increased NO 3 -N concentrations after the organic green manure fallow can further be seen in the regressions comparing Plot 1 (Org W-GM) and Plot 3 (Conv W-F) during fallow and stubble years (Supplemental Fig. S2 ). Similar to the supplemental graph with DRP concentrations, the regression coefficients were found to be significantly different (P < 0.01), indicating that the relationship between the plots changes during the fallow period, supporting that the green manure is likely responsible for the increased NO 3 -N concentrations.
Greater NO 3 -N concentrations were also found in Plot 1 (Org W-GM) and Plot 2 (NT W-F/LP) than in control Plot 3 (Conv W-F) when comparing snowmelt runoff collected after wheat was grown (Table 3 ). This could be related to generally lower soil NO 3 -N concentrations for the Conv W-F treatment (Fig. 1) .
Overall, mean flow-weighted NH 4 -N concentrations averaged 0.19, 0.21, and 0.43 mg L −1 for the control Plot 3 (Conv W-F), Plot 2 (NT W-F/LP), and Plot 1 (Org W-GM) ( Table 3) . The concentrations determined in this study are in the range of those found in the literature for studies that measured NH 4 -N concentrations in snowmelt runoff in the prairie region . No significant differences in NH 4 -N concentrations were detected in snowmelt runoff across any of the comparisons overall or after different parts of the rotation. There were no significant differences in NH 4 -N losses when compared across management systems, with the exception being when loads from runoff following the no-till pulse crop were compared with those of the conventional fallow (P = 0.06). This appears to be mainly a function of water yield, as no differences were observed in concentrations.
Sediment and Dissolved Organic Carbon Loads and concentrations
Mean annual flow-weighted sediment concentrations and loads were small (back transformed log means ranged from 29 to 161 mg L −1 and 3.6 to 46.4 kg ha −1
, Table 3 ). Overall, Plot 1 (Org W-GM) lost less sediment than Plot 2 (NT W-F/LP) and Plot 3 (Conv W-F) ( Table 3 ). The green manure crop could have helped to improve soil organic matter and soil structure, leading to a decrease in erosion (Blanco-Canqui et al., 2015) . When the non-wheat phases of the rotation were compared for Plot 2 (NT W-F/LP) and Plot 3 (Conv W-F), the no-till fallow had greater sediment loads in snowmelt runoff, but the difference was not observed when the pulse crop was introduced (Table  3 ). This may be attributed to the relatively high snowmelt water yields and sediment concentrations that were observed after the no-till fallow (Plot 2), combined with the general trend for sediment concentrations to increase with water yield (Supplemental Fig. S4 ). No-till is often promoted to decrease erosion (BlancoCanqui and Ruis, 2018), but if it results in increased water losses, the opposite can be true.
Dissolved organic C concentrations ranged from ?10 to 25 mg L −1 and were similar among treatments (Table 3) . These values are consistent with the range of concentrations reported in the literature for agricultural land (Evans et al., 2005; Wilson, personal communication, 2018) . Mean annual dissolved organic C loads in snowmelt runoff ranged from 1.6 kg ha −1 after the conventional fallow phase of the rotation to 8.4 kg ha −1 after the no-till fallow. The greater dissolved organic C losses generally observed in Plot 2 (NT W-F/LP) (Table 3) are explained by the greater water yields seen in this plot.
Water Quality Implications
On the Canadian Prairies where snowmelt is commonly the dominant source of surface water recharge, so its water quality controls that of receiving lakes and reservoirs. Snowmelt DRP concentrations in our study were commonly found to be greater than the 0.10-mg L −1 environmental threshold suggested by Chambers et al. (2012) for total P for streams in the prairie region, indicating that these concentrations are of concern. The mean DRP concentration when Plot 1 and Plot 2 were in grass during 1976 to 1980, although lower than cropping systems at 0.13 mg L −1 , was still sufficiently high to be a water quality concern. The mean annual snowmelt NO 3 -N concentrations in our study ranged from 0.9 to 2.2 mg L −1 , but concentrations were >6 mg L −1 in 1 yr after the organic green manure. These concentrations are in the range of and regularly exceed the environmental threshold of Chambers et al. (2012) for total N (?1.00 mg L −1 ) and are also approaching the aquatic toxicity threshold for longterm exposure (³7 d for fish and invertebrates and ³24 h for plants) to NO 3 -N (3 mg NO 3 -N L −1 ) (Canadian Council of Ministers of the Environment, 2012). The NO 3 -N and NH 4 -N in the snowmelt also represent additional contributions to eutrophication, especially given that DRP concentrations were consistently exceeding the eutrophication thresholds (Hall et al., 1999; Dodds and Smith, 2016) . These soils were generally well managed to limit nutrient losses in that fertilizer was banded below the soil surface in the spring and STP concentrations were not high. Thus, it may not be practical for agricultural fields to meet nutrient concentration guidelines in this region, but Cade-Menun et al. (2013) suggest that reductions are possible if targeted best management practices that are nutrient specific be developed for the region. This could include practices that reduce nutrients at the soil surface or reduce offsite transport with holding ponds, wetlands, or absorptive filters (Cade-Menun et al., 2013) .
Here, we have seen that conservation practices such as no-till and green manure fallows, which may be effective in reducing nutrient concentrations and losses from rainfall-generated runoff (Elliott and Efetha, 1999; Blanco-Canqui et al., 2015; BlancoCanqui and Ruis, 2018) , may actually increase losses from snowmelt runoff; therefore, the proportion of nutrients lost through snowmelt versus rainfall needs to be considered when selecting best management practices. The implementation of conservation practices can have tradeoffs affecting water quality and beyond (Power, 2010; Jarvie et al., 2017; Schneider et al., 2018) , further emphasizing the need to use appropriate management practices depending on the priorities of a given location or region. Water management plays a key role, and the goal will vary depending on the characteristics of the receiving water body; to reduce nutrient losses or loads overall, snowmelt runoff volume should be reduced, but decreasing runoff volumes has the potential to increase nutrient concentrations that would have otherwise been diluted.
Our results provide a broader understanding of the effects of conservation tillage across prairie environments. After no-till summer fallow, we found that P losses were higher than after conventional tillage, but there was no statistical difference in P losses between tillage systems after a wheat or pulse crop. This is different than observations of Tiessen et al. (2010) in the eastern prairies, who found that conservation tillage had markedly higher P losses than conventional tillage after a crop. The situations between studies are different as our study was conducted under a drier climate and involved less intensive tillage, so more plant residue was left at the soil surface for both conservation and conventional till.
Conclusions
Due to its duration and comprehensive analyses, this study should serve to provide baseline data regarding water quantity and quality from snowmelt runoff in the central Canadian Prairies. Here, we found that a conversion to no-till management caused an increase in snowmelt runoff volume due to a greater snow pack, particularly after the fallow years. This increase in water loss has the potential to increase nutrient losses from agricultural fields. Future research is warranted on the effects of agricultural management, specifically tillage on snowmelt runoff across a wide range of prairie climates and cropping systems. The replacement of summer fallow with a pulse crop in the NT W-F/ LP system of Plot 2 was found to decrease SWE and soil nutrient concentrations and hence nutrient losses in snowmelt runoff. This suggests that the practice of including a pulse crop in place of fallow in a no-till system could have beneficial implications for nutrient losses and concentrations from snowmelt runoff in this region. This research is significant with potential widespread implications, as no-till is widely adopted in the Canadian Prairies and specifically in Saskatchewan. Importantly, we also found that the inclusion of a green manure in rotation may increase nutrient concentrations, namely DRP and NO 3 -N, in spring snowmelt the following year. Further research is needed to explore the management of green manure crops and implications for nutrient losses in snowmelt the following year. Finally, the nutrient concentrations observed in this study, in particular for P, raise the question of whether it is practical for agricultural management systems in this region to meet nutrient concentration guidelines for surface runoff. Thus, the importance of identifying region-specific priorities and using targeted management practices is emphasized.
